Nanoparticle-assisted PCR (polymerase chain reaction) technology is getting more and more attention recently. It is believed that some of the DNA recombinant technologies will be upgraded by nanotechnology in the near future, among which DNA replication is one of the core manipulation techniques. So whether or not the DNA replication fidelity is compromised in nanoparticle-assisted PCR is a question. In this study, a total of 16 different metallic and non-metallic nanoparticles (NPs) were tested for their effects on DNA replication fidelity in vitro and in vivo. Sixteen types of nanomaterials were distinctly different in enhancing the PCR efficiency, and their relative capacity to retain DNA replication fidelity was largely different from each other based on rpsL gene mutation assay. Generally speaking, metallic nanoparticles induced larger error rates in DNA replication fidelity than non-metallic nanoparticles, and non-metallic nanomaterials such as carbon nanopowder or nanotubes were still safe as PCR enhancers because they did not compromise the DNA replication fidelity in the Taq DNA polymerase-based PCR system.
Introduction
Nanoparticle-assisted PCR (polymerase chain reaction) can be abbreviated as nanoPCR. It was first reported by at least three research groups [1] [2] [3] , then many laboratories began to investigate the mechanisms and assess its applications in different areas, including RT-PCR [4, 5] and the interaction between nanoparticles and biological systems.
Then, more different nanomaterials were employed to improve the efficiency of PCR, such as carbon nanopowder [6] , 5 Authors to whom any correspondence should be addressed.
nanoalloys [7] , multi-wall carbon nanotubes [8] , etc. Some research reports provided limited information on an important question as to whether nanomaterials compromised the DNA replication fidelity in the process of PCR [8, 9] , but there has been no systematic investigation of this question.
Assessment of the DNA replication fidelity in nanoPCR (called nanoPCR fidelity) has several lines of significance. Firstly, it directly determines the practical value of nanoPCR. If a nanoparticle dramatically decreases the nanoPCR fidelity, the nanoparticle will introduce too many mutations and cannot be used in practice such as in rapid detection of infectious viral genome sequences. Secondly, during assessment of nanoPCR fidelity, we developed a quantitative but simple approach to calculate the relative toxicity index of basically any type of nanoparticle [10] ; moreover, a lot of studies on interactions between nanomaterials and genomes will be involved and such studies may lead to finding that the expression of some genes in a genome may be regulated with a certain nanoparticle. In this study, the rpsL system [10] [11] [12] was used to quantify the DNA replication fidelity in Taq DNA polymerase-based nanoPCR and in cell cultures added to with 16 different types of nanoparticles, respectively. One important advantage of the rpsL system is that very low replication error rates such as 10 −10 magnitude can be conveniently and stably detected. The rpsL forward mutation assay is a direct and time-resolved measurement for nucleotide mis-incorporation errors both in vitro and in vivo [10] [11] [12] [13] [14] . Table 1 lists the nanomaterials and control chemicals used in this study. Gold (5 nm), gold (10 nm), color Ag, colorless Ag and platinum were purchased as colloid solutions (their concentrations listed in table 2), and these five nanomaterials can be directly used in the PCR system. The other 11 nanomaterials were purchased as nanopowders, and they can be used in the PCR system after being made into aqueous suspensions.
Experimental details

Materials
Here we take carbon nanopowder (CNP) (10 mg ml −1 ) as an example to show how to make the nanopowder into the aqueous suspension. First, CNP was exposed to UV light for about 30 min to avoid DNase and RNase contamination. Then, 10 mg CNP and 1 ml sterilized ddH 2 O were placed in a 1.5 ml sterilized microcentrifuge tube and sonicated in an ultrasonic bath for 2 h. However, the time for the ultrasonication, according to the status of suspensions, was flexible. In general, it is necessary to have enough ultrasonication time to maintain the stability of the suspensions for at least half an hour. All restriction enzymes were purchased from New England BioLabs.
RPSL system for in vitro PCR fidelity assay
All concentrations of NPs and other chemicals in the in vitro fidelity assay were their optimized concentrations for 50 μl PCR (table 2). The fidelity of DNA replication during PCR was measured using the rpsL mutation assay, which was based on streptomycin resistance of rpsL mutant-harboring bacteria. Firstly, the full length (4.0 kb) plasmid pMOL21 containing the ampicillin resistance gene (Ap r ) and the wild type rpsL genes was digested with Scal as template. Then the linearized pMOL21 was amplified by PCR with biotinylated primers(5 -biotin-AAA AAA AAA A CA CCA GTC ACA GAA AAG CAT CTT AC-3 , 5 -AAA AAA AAA A CA ACC AAG TCA TTC TGA GAA TAG T-3 ). PCR amplifications were performed in 50 μl reaction volumes using 5 U Taq DNA polymerase, 200 μM each dNTP, 0.2 μM each primer, on a T-Gradient Thermal block (Biometre, Göttingen, Germany). PCR reactions began with a denaturation step at 94
• C for 2 min and 25 cycles of amplification (15 s at 94
• C; 30 s at 58 • C; 5 min at 72 • C) were followed. The PCR ended with 72
• C for 10 min. The amplified fragments were purified by Streptavidin beads which were attached at the end of one primer and digested by MluI at the primer regions. After further purification and ligation under proper ligation conditions with T4 DNA ligase, the PCR products with potential mutations in the rpsL gene were used to transform the host cells (MF101). Colonies formed on LB agar plates containing ampicillin were counted as total colonies. Colonies formed on LB plates containing both ampicillin and streptomycin were counted as mutated ones because the mutations in the rpsL gene during PCR would allow transformed cells to grow on the plates. 
RPSL system for in vivo DNA replication fidelity assay
When these NPs and chemicals were used for in vivo safety tests, their concentrations were about one-tenth that used in vitro, i.e. 10 μl of each NP or chemical added to 4 ml LB media inoculated with 100 μl bacteria MF101 transformed with the plasmid of pMOL21 (table 3) . After 10 h of cultivation, the bacteria was diluted and plated on ampicillin (100 μg ml −1 ) and streptomycin (100 μg ml −1 ) plates to determine the total number of rpsL mutants and another portion of diluted bacteria was plated on ampicillin plates to determine the total number of transformed cells.
In the in vitro DNA replication fidelity assay, the mutation frequency was determined by dividing the total number of mutant colonies on ampicillin and streptomycin plates by the total number of colonies on ampicillin plates. The error rate was calculated using the equation error rate = mutation frequency/(bp × d), where bp is the number of potential mutation sites that cause phenotypic changes in the rpsL gene (here the bp is 130 [11] ) and d is the number of template doublings. Template doublings (d) were determined using the equation 2d = (amount of PCR product)/(amount of starting target). Because the error rates do not appear to be significantly influenced by the number of template doublings, the PCR cycling number in this experiment was 30, so we used 10 uniformly as the template doubling (d) [11, 13] . The error rate of adding no nanomaterials calculated by the method described above is around 5 × 10 −6 ; this result was in agreement with the error rates measured by Cline et al [13] (the error rate was 8.0 × 10 −6 ). In the in vivo DNA replication fidelity assay, 100 μl fresh cells were cultivated in 4 ml liquid LB medium for 10 h. The generation time of E. coli is about 20 min, which means that three generations of new cells will be created in 1 h. In our experimental system the cells were almost saturated after 6-7 h. After 6 h there would be 18-21 generations of cells. So we simply estimate d as 20 in the in vivo experiments.
Other PCR conditions
PCR reagents were mixed in a final volume of 25 μl in 200 μl thin-walled tubes according to the following conditions: 1× PCR buffer (10 mM Tris, pH 8.8 at 25
• C, 50 mM KCl, 0.08% Nonidet P-40, 2. polymerase, and the final volume was filled with colloid or aqueous suspensions of nanomaterials and distilled water. PCR was performed on a T-Gradient Thermal block (Biometre, Germany). PCR cycling parameters were 94
• C for 3 min, followed by 30 cycles of 94
• C for 30 s, 58
• C for 30 s and 72
• C for 50 s (or 15 min for the 14 kb long PCR), as in figures 1-3. This was followed by extension at 72
• C for 15 min. Taq DNA polymerase, dNTP and primers were purchased or synthesized from Sangon (Shanghai, China).
Results
Nanoparticles demonstrated various enhancing effects for nanoPCR
In all nanoPCR experiments, we adopted the same simple PCR system based on Taq DNA polymerase (see section 2). Nanoparticles tested so far have different effects on gene amplification in this system. Effect 1: the target DNA cannot be successfully amplified at all, but was able to well amplify after addition of some nanoparticles as in figure 1. Effect 2: amplification of a target DNA has dramatically different dose dependence on different nanoparticles as in figures 1 and 2. Effect 3: the target DNA was amplified in the system with decent specificity and the addition of some nanoparticles led to higher or lower yield without changing the specificity as in figure 2. Effect 4: the PCR enhancing effects of nanoparticles on target DNA sequences are apparently target-dependent as in figures 2 and 3.
CNP, SWCNTs and MWCNTs were excellent PCR enhancers as reported [6, 8] , but this is not to say that they will be good for any amplicon. In particular, if an amplicon is already well amplified under an optimized thermal cycling condition, addition of nanoparticles often results in bad effects for the amplification. Based on our experimental experience, all types of nanoparticles presented two characteristics when used as PCR additives. One is the dose-dependence effect and another is that the effect as an enhancer or attenuator for a specific amplicon is not predictable. [18, 24] (tables 2 and 3). Normalized DNA replication error rates of a well-known DNA mutagen ethidium bromide, 5566 (×10 −6 , in vitro) and 1014 (×10 −10 , in vivo), were not included in this figure because they were too large compared with all other materials. BC: blank control (in which no NPs or chemicals were added). Several chemicals were also used as controls: CS-5, CS10, and CS50 were chitosan with different molecular weights; two other chemicals were bet (betaine) and EB (ethidium bromide).
Only part of the nanoparticles in table 1 timesnano.com/cn/product.asp) and carbon nanopowder (CNP, 100 m 2 g −1 , Sigma 633100).
Nanoparticles displayed different levels of nanoPCR fidelity
In order to quantitatively compare the potential relative capacity of interfering with DNA replication fidelity, rpsL gene mutation was employed as a useful marker. Many mutations in rpsL will lead to streptomycin resistance of bacterial strain transformed with rpsL gene. The fidelity of rpsL gene replication was measured in vitro and in vivo, respectively. All data were averaged and summarized from 3-5 independent tests. In the in vitro experiments, the nanomaterials under optimum concentrations for PCR were added to Taq DNA polymerase-based PCR reactions using a template DNA fragment containing wild type rpsL gene. PCR product was then digested by restriction enzymes and ligated by T4 DNA ligase, followed by transformation of bacteria. Compared with and without NPs, if wild type rpsL gene was mutated during PCR, the bacteria strain would acquire streptomycin resistance and is easily selected. The result of the in vitro experiments showed that almost all NPs lowered the fidelity of DNA replication, differentially. Several metallic NPs demonstrated apparent larger normalized error rates than other materials used in the experiments, though their error rates for DNA replication were less than a tenth that of ethidium bromide, a known DNA mutagen (table 2 and figure 4) . Meanwhile, the same bacteria strain transformed with wild type rpsL gene was directly cultured with different NPs under proper conditions. The in vivo experiments also showed that the DNA replication fidelity was differentially compromised by NPs, though the general error rates in vivo were about a thousandth or a tenthousandth those in vitro (table 3 and figure 4). Figure 4 clearly showed that data of DNA replication fidelity in vitro and in vivo were well correlated, though the absolute values were three to four magnitudes different between the two groups of data. In general, metallic nanoparticles resulted in more replication errors than non-metallic nanoparticles. The blank control for in vitro nanoPCR fidelity assay was a commonly seen PCR reaction with Taq DNA polymerase, so some metallic nanoparticles such as gold or platinum are likely not to be appropriate for practical use in PCR because they introduced apparent replication errors based on figure 4. Nonmetallic nanomaterials such as carbon nanopowder (CNP) may be widely tested and employed in PCR in the future. The good correlation between in vitro and in vivo data suggested that the E. coli cells were penetratable to most tested nanoparticles, even though the extremely low (background level) values of the error rates (10 −10 ) suggested another possibility, that some non-metallic nanoparticles such as CNP and carbon nanotubes may not enter the cells at all. We have data that CNP did enter the E. coli cells (atomic force microscopy data not shown), while there was a report that cellular uptake of functionalized carbon nanotubes is independent of functional group and cell type [15] .
NanoPCR fidelity was generally correlated with perturbed DNA replication fidelity in vivo
Discussion
The mechanisms of nanoPCR are still obscure. There are already some lines of evidence that the interaction between nanoparticles and DNA polymerase is very important [16, 17, 19] . It is predictable that different nanoparticles will display different effects on the same DNA polymerase, and the same nanoparticle will differentially affect the amplification efficiency of different DNA polymerases. Min Li et al found that gold nanoparticles increased the detection sensitivity of RT-PCR up to 10 000-fold [3] , but their results were not able to be repeated in a recombinant Taq DNA polymerase-based PCR system [20] , highlighting that improved nanoPCR efficiency can only be observed for proper polymerases or under strict heating/cooling conditions.
Vu et al reported that nanoparticles affect PCR performance through nonspecifically adsorbing DNA polymerase via surface interaction rather than by heat-transfer enhancement and thus effectively reduce polymerase concentration [16] . In this way, gold nanoparticles do not enhance the specificity of PCR but rather suppress the amplification of longer products while favoring amplification of shorter products, independent of specificity. Interestingly, the surface effects were observed on Taq and Tfl but not on Vent polymerase. The potential pitfall of this study may lie in that they only used one PCR model, so their conclusion may not be suitable for other nanoparticles (metallic and non-metallic) and PCR models (such as GC-rich PCR [21] , long PCR [8] , DNA repeats-harboring PCR [22] , repetitive PCR [6, 23] , etc). Actually, gold nanoparticles are good for one amplicon, but may be bad for another amplicon in the same PCR conditions. Moreover, it is hard to imagine that all mechanisms of nanoPCR do not contain heat-transfer enhancement given that PCR itself is a process of programmed heat-transfer cycles.
At least three factors have or may have a direct influence on the nanoPCR replication fidelity. The first is the type of DNA polymerase [25] , the second is the DNA template sequence [25] [26] [27] (figure 5) and the third is the nanofluid where nanoparticles are suspended in the PCR buffer. It was reported that the nanoparticles or nanofluid influenced the protein structure [28] , enzymatic activity [29] or protein's structural stability [30] . It needs future investigations as to whether nanoparticles directly influence the structural characteristics of both DNA polymerase and the template DNA during the thermal cycles.
